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7 Workpiece material flow and stirring/mixing during the friction stir welding (FSW) process are investigated
8 computationally. Within the numerical model of the FSW process, the FSW tool is treated as a Lagrangian
9 component while the workpiece material is treated as an Eulerian component. The employed coupled

10 Eulerian/Lagrangian computational analysis of the welding process was of a two-way thermo-mechanical
11 character (i.e., frictional-sliding/plastic-work dissipation is taken to act as a heat source in the thermal-
12 energy balance equation) while temperature is allowed to affect mechanical aspects of the model through
13 temperature-dependent material properties. The workpiece material (AA5059, solid-solution strengthened
14 and strain-hardened aluminum alloy) is represented using a modified version of the classical Johnson-Cook
15 model (within which the strain-hardening term is augmented to take into account for the effect of dynamic
16 recrystallization) while the FSW tool material (AISI H13 tool steel) is modeled as an isotropic linear-elastic
17 material. Within the analysis, the effects of some of the FSW key process parameters are investigated (e.g.,
18 weld pitch, tool tilt-angle, and the tool pin-size). The results pertaining to the material flow during FSW are
19 compared with their experimental counterparts. It is found that, for the most part, experimentally observed
20 material-flow characteristics are reproduced within the current FSW-process model.

21
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23 analysis, process modeling

2425

26 1. Introduction

27 Friction stir welding (FSW) is a relatively new solid-state
28 material joining process which was invented at The Welding
29 Institute, Cambridge, UK in 1991 by Thomas (Ref 1). Within
30 this joining process, a non-consumable hard-material welding
31 tool is used to generate (via frictional-sliding and plastic-work
32 dissipation) sufficient amount of heat, in the workpiece material
33 surrounding the tool/workpiece interface, required for success-
34 ful welding. A detailed description/analysis of the FSW process
35 could be found in the seminal work by W. M. Thomas and co-
36 workers (Ref 1, 2) and, hence, will not be provided in this
37 article.
38 While it has been demonstrated that a number of metallic
39 and polymeric materials can be joined using FSW, the industrial
40 interest has been primary in the welding of aluminum alloys.
41 For a wide variety of aluminum-alloy grades (even for those
42 previously considered as unweldable), it was clearly demon-
43 strated that high-quality/defect-free/high-strength FSW joints
44 (in a 1-50 mm thickness range) can be produced. The

45additional, often-cited advantage of FSW is its ability to be
46carried out in various positions (e.g., horizontal, vertical,
47overhead, orbital, etc.). In regard to different weld designs,
48FSW is most often used (but is not limited) in the production of
49butt and lap joints.
50It has been generally established that the FSW-tool design is
51an important FSW process parameter affecting all aspects of the
52joining process (e.g., temporal evolution and spatial distribution
53of the material and heat transport/flow, material microstructure
54and properties, the presence/absence of weld flaws/defects,
55etc.). Typically, an FSW-tool consists of three main sections,
56Fig. 1 (a) shank; (b) shoulder; and (c) pin. Furthermore, the
57FSW process is generally carried out using a conventional
58milling machine, within which the FSW-tool is rotated about its
59(longitudinal) axis, while the workpiece is held in place using
60a fixturing device. The main role of the shank is to provide
61a connection to the milling machine spindle and, thus, to apply
62a torque to the FSW-tool. The primary role of the tool shoulder
63is to apply the required level of the downward contact pressure
64onto the workpiece, facilitate generation of the heat and ensure
65efficient stirring of the material and to confine the thermally
66softened workpiece material and prevent its escape from the
67weld region. To ensure the desired level of the tool-shoulder
68functionality, the bottom face of the shoulder generally
69possesses an upright truncated-conical profile as well as
70scrolls/spirals. As far as the pin is concerned, its main role is
71to provide an additional contribution to the heat generation (via
72frictional-sliding and plastic-work dissipation) and to ensure
73efficient and thorough mixing of the workpiece material in the
74longitudinal, transverse, and vertical directions. To improve the
75functionality of the FSW-tool, the pin is often tapered and
76contains external features such as threads, flutes, flats, etc.
77Since the extents of material mixing and heating below the tool-
78pin are quite low and mainly localized in a thin region adjacent
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79 to the pin bottom, the length of the pin is generally chosen in
80 such a way that it extends to a depth very close to the
81 workpiece bottom face. This ensures that the FSW weld is
82 complete and defect free.
83 A schematic of a typical FSW set-up used in the fabrication
84 of butt-joints is displayed in Fig. 2. The FSW fabrication of
85 butt-joints generally involves the following steps: (a) The
86 workpiece components with mating surfaces are subjected to
87 high contact pressures and secured to a rigid backing plate
88 using a fixturing device. This prevents potential separation,
89 sliding, or lifting of the workpiece components and enables
90 positioning of the work-piece material at an angle relative to the
91 tool longitudinal axis; (b) The welding tool secured within the
92 milling machine tool holder is spun to the desired rotational
93 speed and is slowly plunged into the workpiece components
94 contact-interface region until the tool shoulder contacts (and
95 slightly indents) the work-piece upper surface and the lowest
96 point of the pin is very near the workpiece back face; (c) The
97 rotating tool is then forcibly advanced along the workpiece
98 components contact interface while the workpiece material is
99 stirred, extruded around the tool, and subsequently forged in the

100 wake of the tool; and (d) At the completion of the welding
101 process, the tool advancement is terminated and the tool is
102 retracted (i.e., pulled out of the workpiece) while, the tool
103 continues to rotate. Once the tool is fully retracted, the spindle
104 rotation is terminated and the weldment is removed from the

105fixturing device. Clearly, a hole (which needs to be eliminated)
106is left in the weldment upon retraction of the FSW tool.
107Since the FSW tool rotates in the same (clockwise or
108counterclockwise) direction during welding, the thermo-
109mechanical and microstructural fields associated with the
110FSW process are not symmetric. Consequently, the side of
111the weld on which the tangential component of the rotational
112velocity and the translational velocity of the FSW tool are of
113the same sense is commonly referred to as the advancing side
114while the other side of the weld is called the retreating side. In
115addition, the following terms are often used to denote various
116regions of the weld relative to the position of the tool: (a)
117Regions ahead and behind the tool are referred to as the leading
118and trailing sides, respectively; and (b) the top and bottom of
119the weld are denoted as the crown and root, respectively.
120FSW normally involves complex interactions and competi-
121tion between various mass and heat transport phenomena,
122plastic deformation and damage/fracture mechanisms, and
123microstructure evolution processes (Ref 3-10). Consequently,
124the material microstructure (and mechanical properties) in the
125weld region are highly complex and spatially diverse. Metal-
126lographic examinations of the FSW joints typically reveal the
127existence of the following four weld zones (not counting the
128unaffected/base-metal zone which is far enough from the weld
129so that material microstructure/properties are not altered by the
130joining process) (Fig. 3) (a) the heat-affected zone (HAZ) in
131which material microstructure/properties are effected only by
132the thermal effects associated with FSW. While this zone is
133normally found in the case of fusion-welds, the nature of the

Fig. 1 Typical friction stir welding (FSW) tool used for joining of

aluminum alloys

Fig. 2 A schematic of the friction stir welding (FSW) process

Fig. 3 A schematic of the main microstructural zones associated

with the typical FSW joint
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134 microstructural changes (e.g., recovery, recrystallization, grain
135 growth, precipitate coarsening, precipitate dissolution, etc.,
136 depends on the workpiece material chemical composition and
137 microstructural state) may be different in the FSW case due to
138 generally lower temperatures and a more diffuse heat source;
139 (b) the thermo-mechanically affected zone (TMAZ) is located
140 closer than the HAZ to the workpiece components contact
141 interface. Consequently, both the thermal and the mechanical
142 aspects of the FSW process affect the material microstructure/
143 properties in this zone. While the original grains are retained in
144 this zone they experience a considerable amount of plastic
145 deformation during the FSW process. Consequently, it is often
146 observed (using metallographic analysis of the transverse and
147 horizontal weld sections) that the grains have been subjected to
148 bending; (c) the weld nugget is the innermost zone of an FSW
149 joint. As a result of the way the material is transported from the
150 regions ahead of the tool to the wake regions behind the tool,
151 this zone typically contains the so called onion-ring features.
152 The material in this region has been subjected to most severe
153 conditions of plastic deformation and high-temperature expo-
154 sure and consequently contains a very-fine dynamically recrys-
155 tallized (equiaxed grain microstructure) weld microstructure.
156 The width of the nugget is slightly larger than the FSW-tool pin
157 diameter; and (d) the last FSW zone which is located above the
158 weld nugget is generally referred to as the flow arm. This weld
159 zone typically contains the workpiece material which was
160 (during welding) temporarily confined by the upright truncated-
161 conical profile of the FSW-tool shoulder underside.
162 When compared to the conventional fusion-welding pro-
163 cesses, FSW offers a number of advantages. Since a fairly
164 detailed account of these advantages can be found in our recent
165 work (Ref 11), a similar detailed account of these advantages
166 will not be presented here. Nevertheless, it should be noted that
167 most of these advantages are due to the fact that FSW is
168 associated with lower temperatures, does not involve fusion and
169 re-solidification of the workpiece material and that no filler
170 metal, flux or fuel/oxidizer are used. Consequently, the extents
171 of microstructural changes and the associated material property
172 degradation are smaller relative to their counterparts observed
173 in the conventional fusion-based welding processes.
174 Despite the fact that FSW is a relatively new joining
175 technology, it has already found a fairly wide-scale application
176 in several industries. Among the most notable examples of the
177 successful deployment of the FSW process for the fabrication
178 of high-performance/cost-effective structures are: (a) Large-
179 scale production of aluminum FSW-joined ferryboat deck
180 structures in Finland; (b) manufacture of Al-Mg-Si-based alloy
181 FSW-joined bullet-train cabins in Japan; (c) fabrication of
182 Al-Cu-based alloy FSW-joined rocket launch systems by
183 Boeing; (d) replacement of the conventional fusion welding
184 processes with FSW in the manufacture of Al-Li alloy-based
185 space-shuttle external fuel-tanks by NASA; and (e) application
186 of FSW in highly demanding jet engine applications by General
187 Electric.
188 Over the last two decades, considerable experimental
189 research efforts have been invested toward obtaining a better
190 understanding of the FSW joining mechanism and the accom-
191 panying evolution of the welded-materials microstructure/
192 properties (e.g., Ref 12-15) as well as to rationalizing the
193 effect of various FSW process parameters on the weld quality/
194 integrity (e.g., Ref 12, 16-19). In the same time period,
195 physically based modeling and simulations of the FSW process
196 have also been given considerable attention (e.g., Ref 20-23). A

197critical assessment of the past experimental and computational
198approaches revealed that the majority of these were concerned
199with important practical issues such as the development of tools
200and identification of the optimum FSW-process parameters for
201a variety of alloys and understanding the development and
202characterization of the weld-material microstructure/properties.
203The phenomenon of workpiece material flow, despite its major
204role in the formation, structural integrity, and the overall
205properties of the weld, has been given considerably less
206attention. As a main objective of the present work, an attempt is
207made to address (computationally) this short coming. In
208particular, it is argued that any numerical model for the FSW-
209process to be considered reliable and of high-fidelity must
210correctly predict the essential features of the material flow (as
211established using various experimental means, section 2).
212The organization of this article is as follows: A concise
213overview of the major experimental FSW flow-visualization
214techniques and findings has been presented in section 2. A brief
215description of the combined Eulerian/Lagrangian fully coupled
216thermo-mechanical model and computational analysis of the
217FSW process is provided in section 3. The key computational
218results pertaining to the material flow during the FSW process
219are presented and compared with their respective experimental
220counterparts in section 4. The main conclusions resulting from
221the present study are summarized in section 5.

2222. Material Flow Visualization During FSW

223In this section, a brief overview is provided of the main
224FSW flow experimental-visualization studies carried out over
225the past decade. One of the first FSW-flow experimental-
226visualization studies was conducted by Midling (Ref 24) who
227investigated the effect of the FSW tool traverse velocity on the
228workpiece material flow (as revealed by spatial distribution of
229the material interfaces within the weld) in dissimilar-material
230FSW joints. This procedure, however, provided only limited
231insight into the workpiece material flow since it relied on the
232visualization of the dissimilar alloys interfaces alone.
233Li et al. (Ref 25) carried out a series of FSW experiments
234involving either dissimilar aluminum-alloy grades or alumi-
235num/copper workpiece materials. By analyzing material pat-
236terns seen in the weld metallographic cross sections of the FSW
237welds, Li et al. established that the resulting workpiece material
238flow is of a chaotic nature.
239A major step forward in the visualization of the material
240flow was made in the work of Colligan (Ref 26), who employed
241a technique in which small-diameter steel spheres were placed
242at different positions along the workpiece components contact
243interface before welding and their final positions within the
244weld were determined by radiographing the post-welded
245structures. The main findings of Colligan (Ref 26) can be
246summarized as follows: (a) The workpiece material is stirred
247(via chaotic-mixing) only in the upper portion of the weld; and
248(b) in the remaining portions of the weld material flow involves
249only extrusion of the material around the rotating FSW tool.
250The main limitations of Colligan�s work are: (a) FSW-flow
251visualization was inferred by tracking only single points (i.e.,
252the center of gravity of undeformed steel spheres); and (b) the
253chaotic-mixing observed might have been caused by the
254presence of finite-size spheres which act not only as flow-field
255markers but also cause changes/disruptions in the material flow.
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256 In addition, since the details of the material flow are
257 significantly affected by the FSW tool geometry and other
258 FSW process parameters, the findings of Colligan (Ref 26)
259 could not be readily generalized.
260 The next major step forward in the visualization of the
261 material flow was made in a series of papers by Reynolds and
262 co-workers (Ref 27-30) who introduced the so-called marker
263 insert technique. Within this technique, markers of a different
264 aluminum-alloy grade are inserted along and on both sides of
265 an aluminum-alloy workpiece contacting interface (i.e., in the
266 path of a rotating and traversing FSW tool). The final position
267 and shape of the markers were determined by: (a) Milling-off
268 successive 0.25 mm thick slices from the top surface of the
269 weldment; (b) etching each newly created top surface of the
270 weldment using an etchant which produces a strong contrast
271 between the two aluminum-alloy grades; (c) capturing a digital
272 image of each etched weldment top surface; (d) digital image
273 analysis of each etched weldment top surface; and (e) assembly
274 of the individual images to form a complete three-dimensional
275 model for the FSW weldment revealing the position and the
276 deformed shape of the markers. These findings are subse-
277 quently used to infer the essential features of material flow
278 during the FSW process.
279 The main findings obtained by Reynolds and co-workers
280 (Ref 27-30) can be summarized as follows: (a) The material
281 flow during FSW is influenced by both the translational and
282 rotational components of the FSW tool motion; (b) the main
283 component of the material flow is in the horizontal plane and in
284 a general direction which is opposite to the direction of FSW
285 tool travel and involves material motion/extrusion around the
286 tool and its placement in a region behind the tool. In this case,
287 the tool shoulder, the pin, the backing plate, and the base-metal
288 portion of the workpiece material effectively form an extrusion
289 die; (c) workpiece material stirring (i.e., its rotational motion
290 around the tool longitudinal axis) occurs predominantly in the
291 top portion of the weld in which the rotating action of the tool
292 shoulder causes material transport from the retreating to the
293 advancing side of the weld; (d) the material transferred from the
294 retreating to the advancing side interferes with the extrusion (in
295 the horizontal plane) of the advancing-side material in the path
296 of FSW-tool pin. This results in a downward (out-of-plane)
297 component of the material extrusion direction. The downward
298 motion of the extruded material extends through the thickness
299 of the workpiece material on the advancing side till the weld
300 root at which point, due to the presence of the rigid backing
301 plate, the extruded material crosses over to the retreating side
302 and begins its ascent (i.e., to move in the upward direction). As
303 a consequence, the material acquires a rotational motion around
304 the longitudinal axis of the weld; (e) the extent of the vertical
305 circular motion described in (d) increases with a reduction in
306 the value of the weld-pitch which is attributed to the auguring
307 effect of the threaded FSW-tool pin; and (f) the extent of
308 vertical rotation also increases with the pin diameter and this
309 effect is attributed to the associated increase in the amount of
310 energy transferred into the weld by the FSW tool.

311 3. FSW Computational Modeling and Analysis

312 Modeling of the FSW process was carried out in our prior
313 work using an Arbitrary Lagrangian Eulerian (ALE) fully
314 coupled thermo-mechanical finite-element procedure (Ref 20-

31522). The main emphasis of our prior work was the prediction of
316microstructure and property fields within the weld region in a
317variety of solid-solution strengthened and age-hardened alumi-
318num- and titanium-based alloys. Since the main emphasis of the
319present work is the analysis of the material flow during the FSW
320process under different tool-design and process-parameter
321conditions, a new Combined Eulerian Lagrangian (CEL) fully
322coupled thermo-mechanical analysis of the FSW process is
323introduced. While this analysis is usually computationally more
324expensive than the corresponding ALE analysis, it is generally
325found to be more robust and more suitable for studying material-
326mixing processes. It should be recognized, however, that the
327ALE and CEL analyses share many features. Hence, the features
328common to the two analyses will only be discussed briefly here.

3293.1 FSW Computational Analysis

3303.1.1 Computational Domain. The computational
331domain used consists of two separate sub-domains, one of an
332Eulerian-type and the other of a Lagrangian-type. The Eulerian
333sub-domain (used to model the workpiece) is of a parallelepiped
334shape with the dimensions of L9W9H = 509 409 8 mm,
335respectively. This sub-domain is typically discretized using
336Eulerian 8-node brick elements with a characteristic edge length
337of 0.44 mm. The Lagrangian sub-domain is used to model the
338FSW tool. As will be discussed in section 4, a prototypical FSW
339tool design consisting of a tapered threaded pin and a cylindrical
340shoulder with an upright truncated conical under-cut was
341utilized in the present work. The tools are meshed using
3424-node tetrahedron continuum elements. Examples of the
343Eulerian and Lagrangian sub-domains used in the present work
344are displayed in Fig. 4. It should be noted that in this figure, for
345clarity, the tool is shown in the retracted position. In the present
346work, the Eulerian sub-domain typically consisted of 150,000
347elements while the tool contained 20,000 elements.
3483.1.2 Computational Analysis Type. The FSW process
349is analyzed computationally using a Combined Eulerian
350Lagrangian and a fully coupled thermo-mechanical finite-
351element algorithm. Within this algorithm, heat dissipation
352associated with plastic deformation and tool/workpiece inter-
353facial friction-sliding is treated as a heat-source in the
354governing thermal equation. On the other hand, the effect of
355temperature on the mechanical response of the workpiece
356material is taken into account through the use of a temperature-
357dependent workpiece material model.
3583.1.3 Initial Conditions. The Eulerian sub-domain is
359initially filled with the workpiece and the flow-visualization
360marker materials by prescribing the appropriate material

Fig. 4 A schematic of a typical FSW tool (Lagrangian domain) and

workpiece (Eulerian domain) used in the present work
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361 volume fractions to each Eulerian element. To enable the
362 motions of the Eulerian materials at the workpiece upper
363 surface in the outward normal direction (without material loss),
364 one or more top Eulerian element layers is initially left void.
365 For the Lagrangian sub-domain, at the beginning of the analysis
366 the tool is assigned a constant rotational velocity and a zero
367 translational velocity. Both the Eulerian and Lagrangian sub-
368 domains are assigned ambient-temperature initial conditions.
369 3.1.4 Boundary Conditions. For convenience, the longi-
370 tudinal motion of the FSW tool is not considered explicitly.
371 Instead, the longitudinal velocity of the tool is set to zero and the
372 workpiece material is allowed to move through the Eulerian sub-
373 domain with an overall longitudinal velocity equal to negative
374 of the tool translational velocity. This was accomplished through
375 the use of the appropriate ‘‘in-flow’’ and ‘‘out-flow’’ velocity
376 boundary conditions over the vertical faces of the Eulerian
377 domains which are orthogonal to the direction of tool travel.
378 Thus, the Eulerian sub-domain displayed in Fig. 4 does not
379 represent the entire workpiece but rather a rectangular region
380 around the tool in the otherwise infinitely-long workpiece.
381 ‘‘No-flow’’ boundary conditions are prescribed along the
382 Eulerian sub-domain vertical faces parallel to the tool travel
383 direction to account for the role of the workpiece base-metal
384 material in restraining material flow in the transverse direction.
385 To mimic the role played by the workpiece rigid backing plate
386 in preventing the flow of the workpiece material in the
387 downward direction, zero normal velocity boundary conditions
388 are applied over the bottom surface of the Eulerian sub-domain.
389 In accordance with the initial conditions prescribed to the top
390 Eulerian-element layers, ‘‘out-flow’’ boundary conditions are
391 prescribed over the top surface of the Eulerian sub-domain.
392 As far as the thermal boundary conditions are concerned,
393 standard convective boundary conditions are applied over free
394 surfaces of the workpiece and the tool while enhanced
395 convection boundary conditions are applied over the bottom
396 face of the workpiece (to mimic the effect of enhanced heat
397 extraction through the workpiece backing plate).
398 3.1.5 Tool/Workpiece Contact Interactions. Since the
399 Eulerian and Lagrangian domains do not possess conformal
400 meshes, the contact interfaces between the two could not be
401 defined using mesh-based surfaces. Instead, contact interfaces
402 between the Lagrangian and the Eulerian sub-domains are
403 determined using the so-called ‘‘immersed boundary method’’

404(Ref 31) which identifies, during each computational time
405increment, the boundary of the Eulerian sub-domain region
406which is occupied by the Lagrangian sub-domain. Eulerian-
407Lagrangian contact constraints are enforced using a penalty
408method, within which the extent of contact pressure is governed
409by the local surface penetrations (where the default penalty
410stiffness parameter is automatically maximized subject to
411stability limits). As far as the shear stresses are concerned they
412are transferred via a ‘‘slip/stick’’ algorithm that is shear stresses
413lower than the frictional shear stress are transferred without
414interface sliding (otherwise interface sliding takes place). The
415frictional shear stress is defined by a modified Coulomb law
416within which there is an upper limit to this quantity (set equal to
417the shear strength of the workpiecematerial). The frictional shear
418stress is then defined as a smaller of the product between the
419static/kinetic friction coefficient and the contact pressure, on one
420hand, and the workpiece material shear strength, on the other.
421In addition to the Eulerian-Lagrangian contacts, interactions
422(of a ‘‘sticky’’ character) also occur between different Eulerian
423materials. This type of interaction is a consequence of the
424kinematic constraint which requires that all Eulerian materials
425residing in a single Eulerian element are subjected to the same
426strain. The Eulerian-Eulerian contacts allow normal (tensile and
427compressive) stresses to be transferred between adjoining
428materials while no slip at the associated material boundaries is
429allowed.
4303.1.6 Heat-Generation and Partitioning. As mentioned
431earlier, both plastic deformation and frictional sliding are treated
432as heat sources. To account for the fact that a small fraction of
433the plastic-deformation work is stored in the form of crystal
434defects, 95% of this work was assumed to be dissipated in the
435form of heat. As far as heat generation due to frictional sliding is
436concerned, it is assumed that its rate scales with the product of
437local interfacial shear stress and the sliding rate, and that 100%
438of this energy is dissipated in the form of heat. Partitioning of
439this heat between the tool and the workpiece is then computed
440using the algorithm reported in Ref 32 and the appropriate
441thermal properties of the workpiece and tool materials.
4423.1.7 Computational Algorithm. As mentioned earlier, a
443new CEL-based finite element analysis of the FSW process is
444developed. Within this analysis, the workpiece is treated as an
445Eulerian sub-domain, the tool is treated as a Lagrangian sub-
446domain and the interaction between the two is treated using an

Table 1 Johnson-Cook yield strength (ry) material model parameters* and the corresponding elastic and thermal

parameters for AA5059-H131

Parameter Symbol Units Value

Reference strength A MPa 167.0

Strain-hardening parameter B MPa 596.0

Strain-hardening exponent n N/A 0.551

Strain-rate coefficient C N/A 0.001

Room temperature Troom K 293

Melting temperature Tmelt K 893.0

Temperature exponent m N/A 1.0

Young�s modulus E GPa 70

Poisson�s ratio m N/A 0.3

Density q kg/m3 2700

Thermal conductivity k W/m ÆK 120

Specific heat cp J/kg ÆK 880

* ry ¼ Aþ B �epl
� �n� �

1þ C log _�epl= _�eplo
� �� �

1� Tm
H

� �

; TH ¼ T � Troomð Þ= Tmelt � Troomð Þ
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447 Eulerian/Lagrangian contact (‘‘fluid-structure interaction’’)
448 algorithm. Within the Lagrangian sub-domain: (a) The mesh
449 (nodes and elements) is attached to the associated material and
450 moves and deforms with it; and (b) each element must be fully
451 filled with a single material. On the other hand, within an
452 Eulerian sub-domain: (a) The mesh is fixed in space and the
453 material flows through it; (b) elements are allowed to be partially
454 filled and/or contain multiple materials; and (c) since the
455 material and the element boundaries do not generally coincide, a
456 separate (‘‘interface reconstruction’’) algorithm must be used to
457 track the position of Eulerian material boundaries. The interface
458 reconstruction algorithm approximates the material boundaries

459within an element as simple planar facets and, hence, accurate
460determination of a material�s location within an element requires
461the use of fine Eulerian meshes.
462Numerical solution of the governing equations in the Eulerian
463sub-domain within each time increment involves two separate
464steps: (a) the Lagrangian step within which the sub-domain is
465temporarily treated as being of a Lagrangian-type (i.e., nodes and
466elements are attached to and move/deform with the material);
467and (b) the ‘‘remap’’ step within which the distorted mesh is
468mapped onto the original Eulerian mesh and the accompanying
469material transport is computed and used to update the Eulerian-
470material states and inter-material boundaries.

Fig. 5 Side view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece advancing-side/

top-layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 2.7, (b) 6.6, (c) 10.5, (d) 14.4, (e)

18.3, (f) 22.2, (g) 26.1, (h) 30
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471 It should be noted that the main reasons for using the CEL
472 approach is that the conventional Lagrangian finite element
473 analysis: (a) Does not allow material mixing within individual
474 finite elements; and (b) becomes inaccurate and failure-prone
475 when the elements experience a large degree of distortion.
476 The fully coupled thermo-mechanical problem dealing with
477 FSW is solved using an explicit solution algorithm implemented in
478 ABAQUS/Explicit (Ref 31), a general purposefinite element solver.
479 3.1.8 Computational Accuracy, Stability, and Cost. A
480 standard mesh sensitivity analysis was carried out (the results
481 not shown for brevity) to ensure that the results obtained are
482 accurate, i.e., insensitive to the size of the elements used.

483Due to the conditionally stable nature of the explicit finite
484element analysis used, the maximum time increment during
485each computational step had to be lower than the attendant
486stable time increment. To keep the computational cost
487reasonable while ensuring accuracy and stability of the
488computational procedure, a mass scaling algorithm is used.
489This algorithm adaptively adjusts material density in the
490critical stable time-increment controlling finite elements with-
491out significantly affecting the computational analysis results. A
492typical 30 s FSW computational analysis required 10-h of
493(wall-clock) time on a 12 core, 3.0 GHz machine with 16 GB
494of memory.

Fig. 6 Top view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece advancing-side/top-

layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 2.7, (b) 6.6, (c) 10.5, (d) 14.4, (e)

18.3, (f) 22.2, (g) 26.1, (h) 30
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495 3.2 Material Models

496 3.2.1 Tool Material. FSW tools used for joining alumi-
497 num alloys are typically made of one of the hot-working or high-
498 speed steel grades (e.g., AISI H13 or AISI 350M). Due to high
499 strength of these steel grades at elevated temperatures, the tool
500 typically experiences very little plastic deformation during the
501 FSW process. On the other hand, tool wear and loss of tool
502 features after prolonged use is frequently observed. Since an
503 analysis of tool wear is beyond the scope of the present work
504 and the likely hood for plastic deformation of the tool is very
505 small, the tool material (AISI H13) is modeled as a mechanically

506isotropic linear-elastic material with a Young�s Modulus of
507210 GPa, a Poisson�s ratio of 0.3, and density of 7825 kg/m3.
508The thermal properties of this material which play an important
509role in partitioning of frictional-sliding-induced heat at the tool/
510workpiece interface are assigned as: thermal conductivity,
511k = 28.5 W/m ÆK and specific heat, cp = 475 J/kg ÆK.
5123.2.2 Workpiece Material. The workpiece material
513(AA5059-H131, a solid-solution strengthened and strain-
514hardened/stabilized Al-Mg-Mn alloy) is assumed to be isotro-
515pic, linear-elastic and strain-hardenable, strain-rate sensitive,
516thermally softenable plastic material and is modeled using the
517Johnson-Cook material model (Ref 33). A summary of the

Fig. 7 Rear view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece advancing-side/

top-layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 2.7, (b) 6.6, (c) 10.5, (d) 14.4, (e)

18.3, (f) 22.2, (g) 26.1, (h) 30
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518 Johnson-Cook material model parameters (including the yield
519 stress, ry, governing equation) and the elastic and thermal
520 properties of AA5059-H131 are provided in Table 1.
521 Examination of the original Johnson-Cook material model
522 reveals that a temperature change causes only a reversible
523 change in material strength by affecting thermal activation of
524 dislocation motion. In other words, the original Johnson-Cook
525 model does not account for any permanent changes in the
526 material microstructure and properties which may occur as a
527 result of high-temperature exposure of the material. This
528 approach is not fully justified in the case of FSW where, due to
529 the attendant high temperatures, significant differences in the
530 material microstructure and properties may exist between the

531base metal and the weld (as well as within different regions of
532the weld). To account for this additional effect of temperature, a
533modification of the strain hardening term within the original
534Johnson-Cook model was proposed in our prior work (Ref 20).
535Specifically, the strain hardening term is still assumed to be a
536parabolic function of equivalent plastic strain ( B�enpl; where B
537and n are material parameters, Table 1). However, the equiv-
538alent plastic strain, �epl; is now defined as the sum of two terms:
539one (positive) which quantifies the contribution of plastic
540deformation to strain hardening and the other (negative) which
541accounts for strain softening induced by dynamic recrystalli-
542zation. In other words, strain hardening is still assumed to be
543controlled by the density of (mobile) dislocations but the local

Fig. 8 Side view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece interface/top-layer)

volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt angle = 2.5�;

tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 2.7, (b) 6.6, (c) 10.5, (d) 14.4, (e) 18.3, (f) 22.2, (g)

26.1, (h) 30
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544 value of this quantity is taken to be the result of a competition
545 between dislocation-generating plastic deformation and dislo-
546 cation annihilation associated with dynamic recrystallization. It
547 should be noted that the first (positive) component of the
548 equivalent plastic strain in the modified Johnson-Cook material
549 model still quantifies the overall extent of inelastic deformation
550 taking place at a given material point.

551 4. Results and Discussion

552 As mentioned earlier, the main objective of the present work
553 is to study the flow of the workpiece material during FSW and

554to correlate this flow with the values/levels of the friction stir
555welding process key parameters. Toward that end, a marker was
556placed (on either the advancing or retreating workpiece sides,
557or along the weld interface) along the path of the advancing
558FSW tool. The marker material was identical to the remainder
559of the workpiece material. However, by declaring the marker
560material as a different material within the Eulerian region, it
561was possible to monitor the flow of the workpiece material
562during the FSW process and to assess the extent of material
563mixing during FSW.
564To help with the visualization of the marker material flow, the
565volume fraction of the marker material within the Eulerian cells
566was monitored. At the beginning of the simulation, each marker

Fig. 9 Top view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece interface/top-layer)

volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt angle = 2.5�;

tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 2.7, (b) 6.6, (c) 10.5, (d) 14.4, (e) 18.3, (f) 22.2, (g)

26.1, (h) 30
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567 (one marker was used in a single analysis) contained hundred
568 percent of the marker material (i.e., the volume fraction of the
569 marker material within the marker was initially 1.0). However,
570 as the friction stir welding process simulation proceeded, due to
571 the flow of the marker material and its mixing with the
572 remainder of the workpiece material, the marker material spread
573 over a wider region. At the same time, in accordance with the
574 mass conservation requirement, as the marker material was
575 spread over a wider region the volume fraction of the marker
576 material experienced a continues decrease.
577 To further help visualize the material flow during FSW, the
578 workpiece material is not shown in the figures displayed in this

579section. Only the marker material distribution/volume fraction
580is displayed (in addition to that of the friction stir welding tool).
581Also, the friction stir welding tool was made partially
582transparent so that the location of the marker material under
583the friction stir welding tool shoulder can be monitored.
584In this section, the results of the material flow analysis are
585presented and discussed. The results are presented in the
586following way: First, a base line case is considered within
587which a prototypical set of friction stir welding process
588parameters was chosen. This is followed by a section in which
589the effect of variation of few specific FSW process parameters
590was investigated.

Fig. 10 Rear view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece interface/top-

layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 2.7, (b) 6.6, (c) 10.5, (d) 14.4, (e)

18.3, (f) 22.2, (g) 26.1, (h) 30
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591 4.1 Baseline Case

592 In this section, prototypical values/levels are assigned to the
593 FSW key process parameters. Specifically: (a) tool geometry: (i)
594 tool shoulder diameter = 0.025 m, (ii) FSW tool shoulder
595 truncated conical under-cut angle = 7�, (iii) pin length =
596 0.0057 m, (iv) pin upper diameter = 0.01 m, (v) pin-taper
597 angle = 10�, and (vi) pin thread pitch = 800 threads/m; (b) tool
598 material = AISI H13 tool steel; (c) workpiece material =
599 AA5059; (d) tool rotation speed = 500 rpm; (e) tool travel
600 speed = 0.0025 m/s; (f) tool tilt angle = 2.5�, and (g) tool plunge
601 depth = 0.0001 m.

602Spatial distribution and temporal evolution of the volume
603fraction of the marker material for the base line case in which the
604marker was placed on the advancing side of the workpiece are
605depicted in Fig. 5(a) to (h). The results displayed in these figures
606represent a side view in which the tool is traveling to the left
607(relative to the workpiece material). The corresponding top and
608rear (behind the tool) views of the same results are, respectively,
609displayed in Fig. 6(a) to (h) and 7(a) to (h), respectively.
610The corresponding baseline case results in the three views for
611the case when the marker was placed at the welding interface are
612displayed in Fig. 8(a) to (h), 9(a) to (h), and 10(a) to (h).

Fig. 11 Side view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece retreating side/

top-layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 3.9, (b) 5.4, (c) 7.2, (d) 8.4, (e) 9.9,

(f) 11.4, (g) 12.9, (h) 14.4
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614614 Likewise, the corresponding results for the case when the marker
615 was placed on the retreating side of the workpiece are shown in
616 Fig. 11(a) to (h), 12(a) to (h), and 13(a) to (h), respectively.
617 It should be noted that the results presented in Fig. 5(a) to
618 (h) to 13(a) to (h) correspond to the cases when the marker was
619 placed at the top surface of the workpiece (as labeled in part (a)
620 of these figures). Within the present work, the workpiece
621 configurations in which the marker was placed half way
622 through the workpiece thickness or near the bottom-surface of
623 the workpiece were also analyzed. Since these results were
624 qualitatively similar to the ones presented here (although they
625 showed a decrease in the extent of material mixing), they will
626 not be presented here.

627Examination of the results presented in Fig. 5(a) to (h) to
62813(a) to (h) revealed that:

629(a) While the marker material was initially confined within a
630cubic domain (the initial configuration is not shown for
631brevity), due to its flow and mixing with the surrounding
632workpiece material, it became dispersed over a larger
633spatial domain of the workpiece. At the same time, the
634volume fraction of the marker material decreased, in
635accordance with the mass conservation requirements;
636(b) At the completion of the FSW process, the marker mate-
637rial tends to reside on the same side of the welding
638interface as that where it was originally placed (e.g., the

Fig. 12 Top view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece retreating side/

top-layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 3.9, (b) 5.4, (c) 7.2, (d) 8.4, (e) 9.9,

(f) 11.4, (g) 12.9, (h) 14.4
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639 advancing side marker-material is ultimately placed in
640 the advancing side weld region). However, it should be
641 noted that this process is accompanied by a considerable
642 dispersion of the marker material in both the lateral and
643 through-the-thickness directions;
644 (c) For the most part, FSW causes the workpiece material flow
645 in the horizontal plane (a plane parallel with the workpiece
646 backing plate), e.g. Fig. 5(b) to (d). In addition (down-
647 ward) flow of the marker material in the through-the-thick-
648 ness direction was also observed. In the case of the
649 advancing-side marker, this component of the material
650 flow was fairly pronounced, Fig. 5(h) and 7(h). This com-

651ponent of the material flow still exists but is less pro-
652nounced in the case of the weld-interface marker, Fig. 8(h)
653and 10(h). On the other hand, practically no marker mate-
654rial flow in the through-the-thickness direction occurs in
655the case of the retreating-side marker, Fig. 11(h) and 13(h);
656(d) The material downward flow is, at least partly, promoted
657by the threaded-pin auguring effect, e.g., Fig. 8(f) and (g);
658(e) The extent of marker-material dispersion is highest in the
659case of the advancing side marker, Fig. 6(h). It is inter-
660mediate in the case of the weld-interface marker and the
661lowest in the case of the retreating-side marker. In other
662words, the advancing material undergoes extensive

Fig. 13 Rear view of the spatial distribution and temporal evolution of the marker-material (initially located on the workpiece retreating side/

top-layer) volume fraction (red greater than 0.8, blue less than 0.2): tool rotation speed = 500 rpm; tool travel speed = 0.0025 m/s; tool tilt

angle = 2.5�; tool plunge depth = 0.0001 m; 10 mm upper-diameter tool pin; welding time in seconds: (a) 3.9, (b) 5.4, (c) 7.2, (d) 8.4, (e) 9.9,

(f) 11.4, (g) 12.9, (h) 14.4
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663 stirring before it is ultimately placed into the weld. In
664 sharp contrast, the retreating-side marker material is
665 mainly extruded around the tool and forged in the wake of
666 the tool (without experiencing substantial mixing); and
667 (f) There is no evidence for rotation of the marker material
668 around the welding direction in any of the results being
669 analyzed. That is, no instances of marker material cross-
670 ing from the advancing to the retreating side were
671 observed at the lower portion of the workpiece and in
672 the wake of the FSW tool as suggested by the experi-
673 mental results of Reynolds and co-workers (Ref 27-30).

6744.2 The Effect of FSW-Process Parameters on Workpiece
675Material Flow

676Within the present work, the effect of the following FSW
677process parameters on the workpiece material flow has been
678investigated: (a) Weld pitch (defined as the ratio of the FSW tool
679travel speed to the tool rotation speed); (b) tool tilt-angle; and (c)
680the tool pin upper and lower diameters (at a constant pin taper
681angle). In all the simulations presented in this section, only one
682of these process parameters was altered (i.e., all the remaining
683process parameters were kept unchanged relative to their
684baseline counterparts). To help in revealing the effect of these

Fig. 14 Rear view of the spatial distribution of the marker-material (initially located on the workpiece advancing-side/top-layer) volume frac-

tion for: (a) baseline case, tool rotation speed = 500 rpm, tool travel speed = 0.0025 m/s, tool plunge depth = 0.0001 m, tool tilt angle = 2.5�,

10 mm upper-diameter tool pin; (b) tool rotation speed = 700 rpm; (c) tool rotation speed = 300 rpm; (d) tool tilt angle = 3.50�; (e) tool tilt

angle = 2.0�; (f) 12 mm upper-diameter tool pin; and (g) 8 mm upper-diameter tool pin. Note that for cases (b) to (g) the values of the unspeci-

fied FSW parameters are the same as in the baseline case (a)
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685 process parameters on the workpiece material flow, the rear-
686 view, end-of-the-simulation, advancing-side, marker-material
687 volume fraction results for the base-line case are displayed in
688 Fig. 14(a). A comparison of the results displayed in Fig. 14(a)
689 with the results displayed in the remaining parts of Fig. 14 are
690 used to infer the effect of the specific FSW process parameters.
691 4.2.1 Weld Pitch. The effect of the weld pitch can be
692 inferred by comparing the results displayed in Fig. 14(b), (a),
693 and (c), respectively. The magnitudes of the weld pitch in these
694 three cases are: 3.41910�5 m/radian, 4.779 10�5 m/radian,
695 and 7.959 10�5 m/radian, respectively. Examination of the
696 results displayed in these figures reveals that the highest extent
697 of marker-material mixing/dispersion is attained at the lowest
698 value of the weld pitch, Fig. 14(b) and this extent continuously
699 decreases with an increase in the magnitude of the weld pitch,
700 Fig. 14(a) and (c). This finding is expected since a lower value
701 of the weld pitch (i.e., an increased tool rotational speed at a
702 constant tool travel speed) represents an increase in the
703 mechanical energy introduced into the workpiece through the
704 rotating FSW tool. Dissipation of this energy in the form of
705 heat increases the workpiece temperature, softens the work-
706 piece material and, hence, facilitates material mixing.
707 4.2.2 Tool Tilt-Angle. The effect of the tool tilt-angle can
708 be inferred by comparing the results displayed in Fig. 14(d),
709 (a), and (e), respectively. The magnitudes of the tool tilt-angle
710 in these three cases are: 3.5�, 2.5�, and 2.0�, respectively.
711 Examination of the results displayed in these figures reveals
712 that the highest extent of marker-material mixing/dispersion is
713 attained in the baseline case, Fig. 14(a) and that this extent
714 decreases with a deviation in the tilt-angle from its baseline
715 value. In other words, a tilt-angle around the baseline value of
716 2.5� appears to be optimal. This finding is in accordance with
717 the experimental observations in the FSW welding practice.
718 The existence of an optimum tilt-angle is generally described as
719 a trade-off between the maximization of the forging pressure
720 (favors a large tilt-angle) and minimization of the workpiece-
721 weld ‘‘ploughing’’ (favors a smaller tilt-angle). The present
722 results show that maximization of workpiece-material stirring/
723 mixing also favors an optimal value of the tilt-angle.
724 4.2.3 Tool-Pin Upper and Lower Diameters. The effect
725 of the tool-pin size (as quantified by the upper and lower
726 diameter(s)) at a constant value of the tool-pin taper angle of
727 10� can be inferred by comparing the results displayed in
728 Fig. 14(f), (a), and (g), respectively. The tool-pin upper
729 diameters in these three cases are: 0.012, 0.01, and 0.008 m,
730 respectively. Examination of the results displayed in these
731 figures clearly shows that the highest extent of marker-material
732 mixing/dispersion is attained in the case of the largest pin size,
733 Fig. 14(f) and that this extent decreases with a decrease in the
734 pin size. This finding is in accordance with the experimental
735 observations in the FSW welding practice and with the fact that
736 the mechanical energy introduced into the workpiece through
737 the rotating FSW tool increases with the tool pin size.

738 5. Summary and Conclusions

739 Based on the results presented and discussed in the present
740 work, the following main summary remarks and conclusions
741 can be made:

742 1. A coupled thermo-mechanical Eulerian/Lagrangian finite
743 element analysis is carried out to investigate material

744flow and mixing during the Friction Stir Welding (FSW)
745process. Particular attention is paid to the effect of ‘‘weld
746pitch’’ (defined as a longitudinal advancement per single
747revolution of the tool), toot tilt-angle, and the tool pin
748size on the flow pattern and the extent of material mixing
749during FSW.
7502. The results obtained show that FSW does not cause a
751large-scale permanent exchange of the workpiece material
752between the advancing and the retreating side, i.e., major-
753ity of the workpiece material within the weld resides on
754the workpiece side (advancing/retreating) on which it
755was located before welding.
7563. For the most part, FSW causes the workpiece material
757flow in the horizontal plane (a plane parallel with the
758workpiece backing plate). In addition, downward
759through-the-thickness motion of the material and the
760accompanying mixing are found to be quite pronounced
761on the advancing workpiece side while this component
762of the material flow was not very prominent on the
763retreating side.
7644. The desired maximum extent of material mixing has been
765found, within the explored ranges of FSW process
766parameters, to correspond to the minimum value of the
767weld pitch, an optimum value of the tool tilt-angle, and a
768maximum value of the tool pin-size. A simple rationale
769has been provided for these observations.
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